Although the waist-to-hip ratio (WHR) has emerged as the best anthropometric indicator of the body's adipose tissue distribution, it has never been directly validated. Waist and hip girths, and triceps and subscapular skinfold thickness were measured in 12 male and 13 female cadavers aged 55-94 y. Adipose tissue from the upper limbs, lower limbs, subcutaneous trunk and intra-abdominal regions was then separated by dissection and weighed. Adipose volumes were also determined by hydrostatic weighing. The following adipose tissue mass ratios (and corresponding volume ratios) were derived: trunk to sum of lower limbs, trunk to sum of upper and lower limbs, intra-abdominal to sum of lower limbs and intra-abdominal to sum of upper and lower limbs. Centrality index (CIFsubscapular-to-triceps skinfold ratio) and WHR were regressed on the tissue mass and volume ratios of the 25 cadavers. WHR was significantly related to mass and volume ratios for the 12 men (R 2 ¼ 36.0-57.5%, Po0.05), except for intra-abdominal to sum of upper and lower limbs (R 2 ¼ 26.3%, P ¼ 0.09), but none of these relations was significant in the women. CI was significantly related to all mass and volume ratios only for men and women combined (R 2 ¼ 16.2-21.8%, Po0.05). The WHR was better related to all mass and volume ratios than the CI. These results, especially the strong association between WHR and the ratio of intra-abdominal to lower limb adipose masses (R 2 ¼ 35.4%, P ¼ 0.002), demonstrate a clear relation between the selected anthropometric variables (hip and waist girths, and subscapular and triceps skinfolds) and adipose tissue distribution, thus validating the use of WHR as an important predictor of health risk.
Introduction
The distribution of the body's adipose tissue mass is an important indicator of health risk. The relation of fat distribution with mortality and disease in men and women has been examined by five prospective studies; all found central adipose predominance to be a strong risk factor for cardiovascular disease, hypertension, stroke and diabetes. [1] [2] [3] [4] [5] Conversely, peripheral distribution of adipose tissue is not associated with health risk. [6] [7] [8] The waist-to-hip girth ratio (WHR) is the most common means of distinguishing central from peripheral distributions, and has been positively correlated with cardiovascular risk, 9 although use of the centrality index (CIFsubscapular-to-triceps skinfold ratio) is also common. However, the CI does not directly reflect internal fatness, and both internal and subcutaneous abdominal fat are hazardous to health. 1, 2 It is presumed that the WHR reflects internal fatness, but since both waist girth and hip girth encompass a variety of tissues, the relative contributions of organs, muscle, bone, intra-abdominal and subcutaneous adipose tissue are unclear. It has even been speculated that in certain populations, the musculoskeletal structure is the greatest contributor to the WHR. 10 Studies in vivo have addressed the question of what WHR actually measures. It is significantly correlated with estimates of internal adipose volume by computed tomography 11, 12 and abdominal fat percentage by dual photon absorptiometry, 13 but internal mass has never been directly quantified.
Furthermore, although high correlations have been shown between computed tomography and direct planimetry of cadaver slices, 14 computed tomography and skinfold calliper measures of subcutaneous fat at the same abdominal sites, 15 and dual-energy X-ray absorption and waist circumference, 16 in vivo methods have not measured the peripheral fat mass. Consequently, whether the WHR is even related to peripheral fat mass is unknown. To resolve these problems, we measured waist and hip girths and triceps and subscapular skinfolds in 25 adult cadavers prior to a complete dissection yielding the masses and volumes of regional adipose tissue segments.
Methods
All data were collected in the Department of Anatomy at the Vrije Universiteit Brussel, Brussels, Belgium, where all cadavers donated to the Medical School were received. Only one in three of the available cadavers was used. In rejecting cadavers, the apparent nutritional state was noted and any cadaver showing signs of emaciation from chronic illness was rejected. The most common cause of death was heart disease. A total of 27 cadavers were used, the first two forming a pilot study to resolve possible procedural problems. Data from the subsequent 25 are reported here. Of the 12 male and 13 female cadavers, six male and six female cadavers were embalmed, while the remainder (six males and seven females) were used in the unembalmed state. The state of embalming did not influence the data due to the extreme segmentation and division of the measurements.
Anthropometry
For ease of measurement, the cadaver was suspended by an adapted orthopaedic head harness, and manipulated by a pulley attached to the ceiling. Sites of anthropometric measurement were marked and the following measures were taken as part of a much larger anthropometric protocol: waist girth (the smallest girth between the iliac crest and the costal border), hip girth (at the level of the greatest posterior protuberance), subscapular skinfold thickness (1 cm below the inferior angle of the scapula) and triceps skinfold thickness (at a level midway between the acromiale and radiale, on the posterior surface of the arm). Supine length (vertex of the cranium to ball of heel) was measured with the cadaver on a horizontal surface, using an anthropometer located in a custom-made stand. Stature was estimated from supine length based on a regression equation derived from in vivo data on adults: 17 estimated stature (cm) ¼ 0.993 Â supine length (cm)+0.095. All measurements were made with the cadaver warmed to approach body temperature, such that the texture and mobility of the skin and adipose tissue were not noticeably different from the living state.
Dissection
The cadavers were weighed immediately before dissection, which was begun in the early morning and continued until completion, some 14-20 h later. Six body segments were defined, the four limbs, trunk and head. Segmentation lines were as follows: headFa transverse plane through the point immediately superior to the thyroid cartilage; upper limbsFa plane through the acromiale and axillary fold; lower limbsFdiagonally up the inguinal fold, along the outer edge of the iliac crest, then immediately medial to the gluteus maximus muscle to the coccyx. Dissected tissues were stored by segment in separate, labelled, airtight plastic containers. The skin and subcutaneous tissue dissection was carried out according to the normal anatomical procedures as described in Grant's Dissector. 18 Any adhering adipose tissue was carefully separated from the skin and stored in the adipose tissue container corresponding to the appropriate body segment. After removal of skeletal muscle, the internal adipose tissue of the trunk was collected separately from the subcutaneous adipose tissue of the trunk. Thus, at the completion of the dissection, all the body's adipose tissue was separated into seven components: head, left arm, right arm, left leg, right leg, trunk subcutaneous and trunk internal. The adipose tissue for each leg included the gluteal region as well as the femoral.
Weights of all tissues were recorded. The volumes of adipose tissue in each body segment were measured by weighing the tissue underwater. This was accomplished by wrapping the tissue in a small sheet of gauze and including a piece of lead sufficient to cause submersion, taking care to eliminate trapped air. The underwater weights of the lead and gauze were measured and used to correct the tissue underwater weight. Tissue volumes were then calculated by the application of Archimedes' principle.
When all weighings had been completed and no tissue remained unaccounted for, the evaporative loss of body fluid occurring during the dissection was calculated as the difference between the body weight immediately prior to dissection and the sum of all tissue weights. This was typically of the order of 1.5 kg and was allocated back to the individual tissues in proportion to their masses. After this correction, the sum of the weights of all dissected tissues was equal to the weight prior to dissection.
Definitions
Various mass and volume ratios of adipose tissue segments were derived. We considered two measures of peripheral adipose mass: the sum of the lower limb masses, and the sum of the upper and lower limb masses. We considered also two separate measures of central adipose mass: the intra-abdominal and the trunk masses, where the trunk adipose mass constituted all subcutaneous plus intraabdominal adipose tissue. The ratio trunk adipose mass to the sum of lower limb adipose masses (TL), and the ratio trunk adipose mass to the sum of upper and lower limb adipose masses (TUL) were considered to be representative of central relative to peripheral adipose distribution. In a similar fashion, intra-abdominal mass relative to each peripheral measure was expressed as IL and IUL. Analogues of the mass ratios TL and TUL were derived using the corresponding adipose tissue volumes and termed TLv and Anthropometric indicators of adipose tissue distribution AD Martin et al TULv, respectively. Lastly, we expressed intra-abdominal adipose mass as a percentage of total body adipose mass.
Statistical analysis
Regression was used to describe the relation between anthropometric and direct measures of adipose tissue distribution. Direct measures were considered independent (explanatory) variables and anthropometric variables were considered dependent. Statistical significance was set at the 0.05 level of probability. All analyses were performed using Stat View SE+Graphics (r 1987 Abacus Concepts Inc.) software on a Macintosh s SE/30 microcomputer (Apple Computer, Inc.).
Results
Characteristics of the sample prior to dissection (Table 1) did not differ significantly from living Belgians of similar age. 19 Means, standard deviations and ranges for anthropometry, dissected masses and volumes, and their ratios are shown in Table 2 .
Total trunk relative to peripheral adipose tissue Table 3 shows the relation between direct and anthropometric indices of adipose tissue distribution. For the sample overall, the ratio trunk adipose mass to sum of upper and lower limb adipose masses (TUL) explained 23.4% of the variation in WHR (Po0.02) and 20.5% of the variation in the CI (Po0.05). In women, there was no significant relation between either anthropometric index and the ratio TUL; in men, the ratio TUL explained 36.0% of the variation in WHR (Po0.05), but was not related to the CI. For adipose volumes, there were significant relations of WHR (Po0.01) and CI (Po0.05) with the ratio trunk adipose tissue volume to sum of upper and lower limb adipose volumes (TULv) for men and women combined. There was no relation between the ratio TULv and WHR or CI in women. In men, the ratio TULv explained 46.5% of the variation in WHR (Po0.02), but there was no significant relation with the CI.
There were significant relations for men and women together between the ratio trunk adipose tissue mass to sum of lower limb adipose tissue masses (TL) and WHR (Po0.005) and CI (Po0.05). There was no relation between the ratio TL and WHR or CI in women; in men, the ratio TL explained 47.0% of the variation in WHR (Po0.02) but there was no relation with CI. The ratio trunk index adipose volume to sum of lower limb adipose volumes (TLv) displayed a significant relation with both WHR (Po0.005) and CI (Po0.05) for the same group as a whole. In men, there was a significant (Po0.005) relation of the ratio TLv with WHR (explaining 57.5% of the variation in WHR) but not with CI. Neither WHR not CI was related to the ratio TLv in women.
Intra-abdominal relative to peripheral adipose tissue Table 4 presents the relations between anthropometric variables and intra-abdominal adipose masses relative to peripheral adipose masses. For men and women combined, the ratio intra-abdominal adipose mass to sum of upper and lower limb adipose masses (IUL) explained 29.9% of the variation in WHR (Po0.05) and 21.8% of the variation in the CI (Po0.02). There were no significant relations between the ratio IUL and WHR or CI when men and women were considered separately. Relations between direct measures and WHR (but not CI) were stronger when intra-abdominal masses were expressed relative to lower limb masses only (IL). For the sample as a whole, the ratio IL explained 35.4% of the variation in WHR (Po0.005) and 20.8% of the variation in the CI (Po0.05). In men, statistically significant relations were found between the ratio IL and WHR (Po0.05), but not CI. No significant relations were observed in women.
Percentage intra-abdominal adipose tissue Table 5 shows the relations between intra-abdominal adipose mass as a percentage of total body adipose mass (% intraabdominal fat) and anthropometric indicators of adipose tissue distribution. For men and women combined, % intraabdominal fat explained 21.9% of the variation in WHR (Po0.02) and 16.4% of the variation in the CI (Po0.05). There were no significant relations between % intraabdominal fat and anthropometric variables for men or women when considered separately.
Discussion
The data demonstrate significant relations between cadaverdissected indicators of adipose tissue distribution from adult Anthropometric indicators of adipose tissue distribution AD Martin et al men and women and both WHR and CI. Significant portions of the variation in both anthropometric indices were explained by the dissected adipose tissue for the sample as a whole (Table 3 ). While more of the variation in WHR was explained by the trunk to lower limb adipose tissue ratios than by the trunk to upper plus lower limb adipose tissue ratios, the opposite was true for the CI. This supports the observations that the WHR and CI are only weakly related to each other, 20 and that skinfold thickness indices distinguish different patterns of adipose distribution from circumference indices. 21 Identical conclusions were drawn when adipose masses were replaced with their corresponding volumes, with even greater proportions of variation in WHR explained. This is reasonable, since adipose volumes are the intermediary between adipose masses and girth measurements, girths being fundamentally spatial measures. Our observations of significant relations between WHR and adipose volume ratiosFin association with corresponding relations with adipose mass ratiosFtherefore validate correlations of WHR with abdominal volume as determined by computed tomography. 11 In considering intra-abdominal adipose tissue mass relative to peripheral masses (Table 4) , we found similar relations to those with total trunk adipose mass, but intra-abdominal adiposity explained even greater portions of the variation in anthropometric variables than the intra-abdominal and subcutaneous trunk adipose masses combined. An additional 6 and 2% of the variation in WHR and CI, respectively, were explained for the sample as a whole when the subcutaneous adiposity in the trunk was dropped from analyses, suggesting that these anthropometric indicesFespecially the WHRFare better related to the proportion of intra-abdominal relative to peripheral adipose masses than the combined intra-abdominal and subcutaneous trunk adipose masses expressed relative to peripheral masses. In agreement with this statement is our observation that the amount of variation explained in WHR and CI for men and women combined is lower, but still significant, when intra-abdominal adipose mass is expressed relative to total body adipose mass (ie as % intra-abdominal fat) ( Table 5 ). We contend, therefore, that relations between % intra-abdominal adiposity and anthropometric indicators of adipose tissue distribution are in fact artefacts of primary relations between these indirect indices and true anatomical relations of intraabdominal adiposity relative to peripheral adiposity. That is, the subcutaneous adiposity of the trunk seems to confound or obscure the relevant relation between the internal fat mass and the peripheral fat masses, and it is this relation that the WHR and, to a certain extent, the CI are best able to discriminate. 22 We observed sex differences in relations of anthropometric variables with cadaver-derived variables. Significant portions of variation in WHR were explained by ratios of dissected adipose tissue in men, but not women (Tables 3 and 4) . Similarly, for men and women separately, even though the portions of variation in the CI explained by the central-toperipheral adipose ratios were not statistically significant, more of this variation was explained in men than in women. As statistical power was similar for each group, explanation is called for, especially since these relations were significant for the sample group as a whole. This apparent paradox appears due to the fact that variation about the mean values of the cadaver-derived ratios of central-to-peripheral adipose tissue Anthropometric indicators of adipose tissue distribution AD Martin et al distribution was much greater in men than in women: standard deviations were 1.5-2.6 times greater in men (Table 2) . Regressing the anthropometric variables on the narrow range of cadaver-derived variables in women resulted in only weak relations, but these became stronger when men and women were combined. As the range of per cent adipose tissue was similar in men and women (about 26%, Table 1 ), we interpret the demonstrated lack of variability in adipose tissue distribution in women as an indication that the distribution of adipose tissue changes less with overall adiposity in women than in men. The explanation for the robust association between WHR (and CI) and health risk has been that the anthropometric indicators measure adipose tissue distribution, which in turn influences the risk of cardiovascular diseases and certain metabolic aberrations. Until now, the validity of this has never been tested directly. We have demonstrated for the first time that the anthropometric indices WHR and CI are significantly related to the actual anatomical distribution of adipose masses and volumes. Of the two indices, the WHR was better related to all our derived mass and volume ratios than the CI. In particular, for men and women combined, the best relation of all was observed between WHR and the ratio of intra-abdominal to lower limb adipose masses (Table 4 ). This has important implications for a better understanding of the health risk associated with high WHR.
Anthropometric indicators of adipose tissue distribution AD Martin et al

